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Partial top quark compositeness is a crucial aspect of theories with strong electroweak symmetry
breaking. Together with the heavy top partners that lift the top quark mass to its observed value,
these theories predict correlated modifications of the top quark’s electroweak couplings. Associated
measurements therefore provide direct constraints on the ultraviolet structure of the underlying
hypercolour dynamics. In this paper we employ a minimal version of top compositeness to discuss
how measurements related to the top’s electroweak gauge interactions can inform the potential
composite nature of the TeV scale. In doing so, we identify the dominant factors that limit the
BSM sensitivity. Extrapolating to a future 100 TeV hadron collider, we demonstrate that top
quark measurements performed at highest precision can provide complementary information to
resonance search by performing a representative resonant top partner search that specifically targets
the correlated resonant electroweak top partner signatures.
I. INTRODUCTION
Measurements at the Large Hadron Collider (LHC)
have explored and constrained a range of ultraviolet
(UV) completions of the Standard Model (SM) of Parti-
cle Physics. At the present stage of the LHC programme
it is fair to say that unless new light, beyond the Stan-
dard Model (BSM) physics is hiding in experimentally
challenging signatures, it is either weakly coupled to the
SM or there is a considerable mass gap between the SM
and the BSM spectrum. The latter avenue has motivated
largely model-independent approaches based on effective
field theory (EFT) techniques recently. In case the SM’s
UV completion is both weakly coupled and scale sepa-
rated to the extent that modifications of the low-energy
SM Lagrangian become non-resolvable in the light of ex-
pected theoretical and experimental limitations, the EFT
approach will become as challenged as measurements in
the full model-context that the EFT can approximate.
If, on the other hand, new physics is actually strongly
coupled at larger energy scales, EFT-based methods are
suitable tools to capture the UV completions’ dynamics
and symmetry. Prime examples of such theories are mod-
els with strong electroweak symmetry breaking (EWSB,
see [1–4] for recent reviews).
While the details of realistic UV models of composite-
ness vary in their microscopic structure, e.g. [5, 6], they
share common phenomenological aspects that are sum-
marised in the so-called Minimal Composite Higgs Mod-
els (MCHMs) [7–9] (see also [10–13]). This is possible
as there are two necessary ingredients of pseudo-Nambu
Goldstone Higgs theories: firstly, the explicit breaking of
a global symmetry by weakly gauging a global (flavour)
subgroup in the confining phase of a “hypercolour” inter-
action. Secondly, partial fermion compositeness [14, 15]
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supplies an additional source of global symmetry break-
ing through (extended) hypercolour interactions. Both
effects conspire to an effective low energy Higgs poten-
tial [1, 6–9] of the form
V (h) = f4
(
β sin2
h
f
− α+ 2β
4
)2
(1)
where f is Goldstone boson decay constant, h is a cus-
todial isospin singlet for a given embedding of SU(2)L×
SU(2)R, and α, β are low energy constants (LECs) re-
lated to two- and four-point correlation functions of the
(extended) hypercolour theory [16, 17]. The vacuum ex-
pectation value is determined as
sin2
〈h〉
f
=
α+ 2β
4β
=
v2
f2
= ξ (2)
where ξ parametrises the model-dependent modifica-
tions of the physical Higgs boson to SM matter,
see e.g. Ref. [18] for an overview. The physical Higgs
mass is related to the LECs via
m2h = f
2
(
8β − 2α
2
β
)
. (3)
Symmetry breaking ξ > 0 in Eq. (2) constrains the
LECs α, β 6= 0, and experimental observations of the
Higgs and electroweak bosons imply
0.258 ' m
2
h
v2
= 8(2β − α) . (4)
This limits the parameter range that a realistic theory
needs to reproduce. Furthermore, the region ξ  1 which
is required to have SM-like Higgs interactions as indi-
cated by LHC measurements is accessed by α ' −2β
which selects an isolated region in LEC parameter space.
This is often understood as some indication of fine
tuning, however, it can be shown that no linear com-
bination of α, β is insensitive to four-point correlation
functions [17]. The computation of baryon four-point
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2functions on the lattice is highly involved.1 Additional
phenomenological input is needed to constrain concrete
scenarios [17], at least given the current status of lattice
calculations. This also shows that there is technically
no fine-tuning of the electroweak scale in these scenarios
(yet), but an insufficient knowledge of the precise form of
UV dynamics as can be expected from performing calcu-
lations in the interpolating hyperbaryon and meson pic-
ture.
Constraints or even the observation of partial com-
positeness in the top sector provide complementary phe-
nomenological input and it is the purpose of this work to
re-interpret existing LHC searches coherently along these
lines. Extrapolating the current searches, we will also
discuss the potential of the high-luminosity (HL-)LHC
(13 TeV) and a future circular hadron-hadron collider
(FCC-hh) to further narrow down the parameter space
of strong interactions.
This paper is organised as follows: In Sec. II, we review
the basics of the composite top scenario. Our approach
to constraining anomalous top couplings to W and Z
bosons in this model is outlined in Sec. III. Following
this strategy we discuss in Sec. IV the indirect sensitiv-
ity reach of top measurements to coupling deformations
as expected in top compositeness theories at the LHC
and also provide projections for a 100 TeV FCC-hh [25]
(see also [26, 27]). In Sec. V, we focus on a resonance
search in a representative pp → TX, T → t(Z → `+`−)
final state, where T is the top partner and X is either an
additional T or a third generation quark. This analysis
directly reflects the region where top-partial composite-
ness leads to new resonant structures as a consequence of
modified weak top interactions. The sensitivity of this di-
rect search is compared with the indirect sensitivity reach
to demonstrate the extent of complementarity of top fits
and concrete resonance searches. Conclusions are given
in Sec. VI.
II. STRONG COUPLING IMPRINTS IN TOP
QUARK INTERACTIONS
Composite Higgs theories are conveniently expressed
in terms of a Callen, Coleman, Wess, Zumino (CCWZ)
construction of Refs. [28, 29] (see also [2]) for a given
global symmetry breaking pattern G → H. Denoting the
G/H generators with TˆA and those of H with T a, the
associated non-linear sigma model field
Σ = exp{iφˆATˆA/f} ∈ G (5)
captures the transformation properties of the (would-be)
Goldstone bosons φˆA under g ∈ G as
Σ→ gΣh†(g, φˆ) . (6)
1Progress has been made towards a better understanding of realistic
composite Higgs theories using lattice simulations in Refs. [19–24].
From this, one can define kinetic terms by considering
the G/H part of Σ†∂µΣ = vaµT a + pAµ TˆA, which trans-
forms as pµ → hpµh† [29]. As indicated in Eq. (6), this
transformation will in general be non-linear as h is φˆ and
G-dependent, but will reduce to linear transformations
for g ∈ H. If G/H is a symmetric space, i.e. there is an
automorphism A: A(T a) = T a, A(TˆA) = −TˆA, we can
consider a simplified object [28]
U = ΣA(Σ)† (7)
which lies in G/H but transforms linearly under G.
For the purpose of this work we will consider
MCHM5 [9] which is based on SO(5) → SO(4). In this
case the automorphism is related to complex conjugation
and
U = ΣΣT = exp{2iφˆATˆA/f} (8)
with kinetic term
L ⊃ f
2
16
Tr(∂µU∂
µU†) . (9)
Weak gauging of a (sub)group of H can be achieved in
the lowest order in the Goldstone boson expansion by
replacing the partial derivatives with covariant ones [29,
30], from which we can derive Higgs interactions with
weak gauge bosons.
Concrete ultraviolet completions of G = SO(5) ×
U(1) → SO(4) × U(1) = H require a larger symme-
try [6, 16, 31–33] and therefore typically lead to a richer
pseudo-Nambu Goldstone boson and hyperbaryon phe-
nomenology [17, 21, 34–37]. We will not explore this
further in the following. Technically, this amounts to the
underlying assumption of top partners being the lightest
states in the TeV regime in this work when we will cor-
relate the top partner masses with the top-electroweak
coupling modifications in Sec. IV.
EWSB in strongly coupled composite Higgs theories
relies on the presence of additional sources of global sym-
metry breaking as weak gauging of the SU(2)L × U(1)Y
will dynamically align the vacuum in the symmetry-
preserving direction.2 An elegant solution to this is par-
tial compositeness [14, 15, 38, 39]. Partial compositeness
traces the fermion mass hierarchy to mixing of massless
elementary fermions with composite hyperbaryons of the
strong interactions. This not only serves the purpose of
misaligning the vacuum from the SU(2)L × U(1)Y di-
rection, rendering the Higgs a pseudo-Nambu Goldstone
boson, but in parallel lifts the top and bottom masses
to their observed values. Phenomenologically, this re-
sults in a tight correlation of top and Higgs interactions,
2While gauging QED in the pion sector leads to an excellent de-
scription of the pi+, pi0 mass splitting QED remains exact. See [15]
for a detailed discussion of this instructive example.
3which is a non-perturbative example of the close relation
of the Higgs and top-quark interactions in generic BSM
theories.
A minimal effective Lagrangian of partial composite-
ness in the light of Zb¯LbL coupling constraints [9] is given
by a scenario based on SO(5)/SO(4)
− L ⊃MΨ¯Ψ + λqf ¯ˆQLΣΨR + λtf ¯ˆtRΣ∗ΨL
+
√
2µbTr(
¯ˆ
QLUbˆR) + h.c. . (10)
Ψ represents the vector-like composite baryons in the low
energy effective theory that form a 5 of SO(5) and trans-
form in the fundamental representation of SU(3)C
Ψ =
1√
2

iB − iX
B +X
iT + iY
−T + Y√
2iR
 . (11)
Ψ decomposes into a bi-doublet and a singlet under
SU(2)L × SU(2)R [40] thus implementing the custodial
SU(2) mechanism of Ref. [41]. Under the SM gauge in-
teractions SU(3)C ×SU(2)L×U(1)Y , these fields trans-
form as (T,B) ∈ (3,2)1/6, R ∈ (3,1)2/3, and (X,Y ) ∈
(3,2)7/6. QˆL ⊃ (tL, bL), tˆR ⊃ tR, and bˆR ⊃ bR are SO(5)
spurions
QˆL =

ibL
bL
itL
−tL
0
 , tˆR =

0
0
0
0
tR
 , bˆR =

0
0
0
0
bR
 . (12)
This additional source SO(5) leads to EWSB as it implies
a finite contribution to effective Higgs potential, and lifts
the top mass ∼ λqλtM . We can expand the Lagrangian
of Eq. (10) to obtain the top partner mass mixing
MT =

0
λq
2 f(1 + ch)
λq
2 f(1− ch) λq√2fsh
λt√
2
fsh M 0 0
− λt√
2
fsh 0 M 0
λtfch 0 0 M
 ,
(13)
where ch = cos(h/f) and sh = sin(h/f). Expanding
ch, sh around 〈h〉 gives rise to the Higgs-top (partner)
interactions. The mass mixing in the bottom sector reads
MB =
(
µbshch λqf
0 M
)
. (14)
The mass eigenstates are obtained through bi-unitary
transformations, which modify the weak and Higgs cou-
plings of the physical top and bottom quarks compared
to the SM by “rotating in” some of the top and bottom
partner’s weak interaction currents (following the nota-
tion of [31])
JµZ/e = cXXX¯γ
µX + cTT T¯ γ
µT + cY Y Y¯ γ
µY
+ cRRR¯γ
µR+ cBBB¯γ
µB + (cRT R¯γ
µT + h.c.)
+ (cRY R¯γ
µY + h.c.) + (cTY T¯ γ
µY + h.c.) (15a)
and
JµW+/e = cXT X¯γ
µT + cXY X¯γ
µY + cXRX¯γ
µR
+ cTBT¯ γ
µB + cY BY¯ γ
µB + cRBR¯γ
µB , (15b)
with coefficients ci
cXX =
1
swcw
(
1
2
− 5
3
s2w
)
cTT =− 2
3
tw +
ch
2swcw
cY Y =− 2
3
tw − ch
2swcw
cRR =− 2
3
tw
cBB =
1
swcw
(
−1
2
+
1
3
s2w
)
cTY =0
cRT = cRY =K
sh
2
√
2swcw
.
(16)
Similarly, the W couplings are
cXT = cY B =
1− ch
2
√
2sw
cXY = cTB =
1 + ch
2
√
2sw
cRB = −cXR =K sh
2sw
.
(17)
sw, cw, tw are the sine, cosine and tangent of the Wein-
berg angle, respectively. K is an a priori unknown con-
stant that parametrises additional weak couplings of the
top partners (see [31]).
A non-vanishing K significantly alters the tight corre-
lation of the top partner mass and coupling modifications
of the top due to the mixing with heavy top partners. In
case K = 0, a small top partner mass has to be compen-
sated by a large mixing between top and top partners
in order to lift the mass of the elementary top to its
physically observed value. The mixing angle in turn de-
termines the electroweak coupling deviations of the top
quark in the mass eigenbasis. Hence, for K = 0 there
exists a strong correlation between top partner mass and
top coupling deviation. However, if K is allowed to take
values K 6= 0 this correlation is loosened which in par-
allel opens up momentum enhanced decays T → ht [31].
In Sec. IV we study the dependence of the sensitivity on
the parameter K in indirect searches and use this infor-
mation to discuss the sensitivity gap with direct searches
in Sec. V.
4In addition to the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners, for which we provide a short
EFT analysis in appendix A up to mass dimension eight.
In the mass basis these propagating degrees of freedom
generate “genuine” higher dimensional effects and are
therefore suppressed compared to the dimension four top-
coupling modifications. Working with a concrete UV sce-
nario, we have directly verified this suppression using a
full simulation of propagating top partners in the limit
where they are not resolved as resonances. We therefore
neglect these contributions in our coupling analysis, but
return to the relevance of resonance searches in Sec. V.
III. ELECTROWEAK TOP PROPERTY
CONSTRAINTS
The weak couplings of the SM top and bottom quarks
are modified due to the mixing with the top and bottom
partners in the mass eigenbasis. In particular, these are
modifications of the left and right-handed vectorial cou-
plings to the W and Z bosons which can be parametrised
as follows
L ⊃ t¯γµ [gtLPL + gtRPR] tZµ
+ b¯γµ
[
gbLPL + g
b
RPR
]
bZµ
+
(
b¯γµ [VLPL + VRPR] tW
+
µ + h.c.
)
. (18)
The anomalous couplings of the top quark, i.e. the rela-
tive deviation with respect to the SM, are denoted by δ
gtL = −
g
2 cos θW
(
1− 4
3
sin2 θW
)[
1 + δtZ,L
]
, (19)
gtR =
2g sin2 θW
3 cos θW
[
1 + δtZ,R
]
, (20)
VL = − g√
2
[
1 + δW,L
]
, (21)
VR = − g√
2
δW,R , (22)
where g is the weak coupling constant associated with
the SU(2)L gauge group and θW is the Weinberg angle.
Note that δW,R is normalised to the left-handed SM cou-
pling of the top quark to the W boson. Technically, we
implement the anomalous couplings in terms of Wilson
coefficients in an effective Lagrangian of dimension six
operators. The relation between the δ parameters and
the Wilson coefficients in the Warsaw basis [63] is given
in appendix B . The parametrisation in terms of Wilson
coefficients allows us to use an updated version of the
TopFitter frame work (which will be described in detail
elsewhere [64]) to obtain constraints on the anomalous
couplings of the top quark. The anomalous couplings of
bottom quarks to Z bosons are phenomenologically less
relevant by construction [9].
We obtain constraints on the anomalous couplings by
comparing them to experimental results for observables
that are sensitive to the vectorial weak couplings of the
top quark. Specifically, we include in the fit 21 exper-
imental analyses [42–62], which are presented in Tab. I
and amount to a total of N = 54 degrees of freedom.
The likelihood provided by TopFitter is defined as
− 2 logL(δ)
=
N∑
i,j=1
(
Xexpi −Xthi (δ)
)
(V −1)ij
(
Xexpj −Xthj (δ)
)
,
(23)
where Xexpi is the experimental result for the observable
Xi and X
th
i (δ) is the theoretical prediction which de-
pends on the anomalous couplings δtZ,L, δ
t
Z,R, δW,L and
δW,R collectively denoted by δ. The inverse covariance
matrix is denoted by V −1 and takes into account bin-
to-bin correlations provided by the experimental collab-
orations. The theoretical uncertainties result from inde-
pendently varying renormalisation and factorization scale
µR, µF = {mt/2,mt, 2mt}3. Furthermore, we take un-
certainties on the parton distribution functions (PDF)
and the strong coupling constant αs into account and
evaluate them according to the PDF4LHC recommenda-
tions [65] using the PDF4LHC15 nlo 30 pdfas PDF set.
Experimental, scale, PDF and αs uncertainties are added
in quadrature.
The SM contribution to the observable predictions Xthi
is computed at next-to-leading order QCD. The contri-
butions from the anomalous couplings are computed at
leading order owing to the fact that we scan over small
values for the anomalous couplings and ignore additional
MCHM5’s contribution to the strong corrections. We
take into account contributions that are quadratic and
bilinear in the anomalous couplings but have verified that
they have only a small effect on the likelihood.
The theoretical predictions for both SM
and anomalous couplings are obtained from
MadGraph5 aMC@NLO [66, 67] which is the Monte
Carlo generator used by TopFitter. The anomalous
couplings are mapped to Wilson coefficients in the SM
effective field theory (see appendix B) and theoretical
predictions are evaluated using the SmeftSim [68]
UFO [69] model. A parton shower and detector simu-
lation is not necessary since the experimental results in
Tab. I are unfolded to parton level.
The likelihood in Eq. (23) is used to exclude anomalous
couplings at a confidence level (CL) of 95%. A point
δ in the parameter space of the anomalous couplings is
considered excluded if
1− CL >
∫ ∞
−2 logL(δ)
dx fχ2(x, k) , (24)
3mt denotes the top quark mass and is set to mt = 172.5 GeV
in alignment with the value used in the experimental analyses in
Tab. I.
5TABLE I: Experimental analyses used to determine constraints on anomalous top quark couplings. tjZ denotes single-top
t-channel production in association with a Z boson.
Analysis Collaboration
√
s [TeV] Observables dof
single top t-channel
1503.05027 [42] CDF, D0 1.96 σtot 1
1406.7844 [43] ATLAS 7 σt
σt¯
, 1
1
σ
dσ
dpt⊥
, 1
σ
dσ
dpt¯⊥
, 8
1
σ
dσ
d|yt| ,
1
σ
dσ
d|yt¯| 6
1902.07158 [44] ATLAS,CMS 7,8 σtot 2
1609.03920 [45] ATLAS 13 σt,
σt
σt¯
2
1812.10514 [46] CMS 13 σt
σt¯
, σt 2
single top s-channel
1402.5126 [47] CDF, D0 1.96 σtot 1
1902.07158 [44] ATLAS, CMS 7, 8 σtot 2
tW
1902.07158 [44] ATLAS, CMS 7, 8 σtot 2
1612.07231 [48] ATLAS 13 σtot 1
1805.07399 [49] CMS 13 σtot 1
tjZ
1710.03659 [50] ATLAS 13 σtot 1
1812.05900 [51] CMS 13 σtot 1
Analysis Collaboration
√
s [TeV] Observables dof
tt¯Z
1509.05276 [52] ATLAS 8 σtot 1
1510.01131 [53] CMS 8 σtot 1
1901.03584 [54] ATLAS 13 σtot 1
1907.11270 [55] CMS 13 σtot,
1
σ
dσ
dpZ⊥
, 4
1
σ
dσ
d cos θ∗
Z
3
W boson helicity fractions
1211.4523 [56] CDF 1.96 F0, FR 2
1205.2484 [57] ATLAS 7 F0, FL, FR 3
1308.3879 [58] CMS 7 F0, FL, FR 3
1612.02577 [59] ATLAS 8 F0, FL 2
top quark decay width
1201.4156 [60] D0 1.96 Γt 1
1308.4050 [61] CDF 1.96 Γt 1
1709.04207 [62] ATLAS 8 Γt 1
where fχ2(x, k) is the χ
2 probability distribution and
k = N is the number of degrees of freedom.
Partial compositeness imposes strong correlations be-
tween the different anomalous couplings. Hence, individ-
ual or marginalised bounds are not applicable since they
would neglect these correlations and lead to incorrect ex-
clusions. Instead, we scan over the MCHM5 parameter
space and calculate the anomalous top couplings that cor-
respond to each sample point. We determine whether the
parameter points are excluded at 95% confidence based
on Eq. (24) using the likelihood in Eq. (23) which includes
the experimental input in Tab. I and is implemented by
TopFitter. This procedure takes the correlations be-
tween the anomalous couplings into account because the
scan is performed in the parameter space of the under-
lying model and then mapped to the weak vectorial top
couplings.
In the next section we give details about the parameter
scan and present the results contrasting the current ex-
perimental situation with projections to larger integrated
luminosities and future colliders.
IV. INDIRECT SIGNS OF PARTIAL
COMPOSITENESS: PRESENT AND HIGH
ENERGY FRONTIER
Before we turn to the implications of the fit detailed
in the previous section (and its extrapolations), we com-
ment on additional constraints that could be imposed
from non-top data.
Precision Higgs measurements are additional phe-
nomenologically relevant channels that are sensitive to
top partial compositeness through their modified Yukawa
interactions. While the Yukawa sector probes differ-
ent aspects of the model than the gauge interactions
Eqs. (13) and (15), they are equally impacted by the
admixtures of vector-like top quarks, and are therefore
correlated. For instance, the CMS projections provided
in Ref. [70] can be used to comment on the relevance
of the Higgs signal strength constraints: Out of all pro-
cesses, gg → h, h → ZZ provides the most stringent
constraint when correlated with the top coupling devia-
tions.4. The expected signal strength constraint at 3/ab
of 4.7% translates into a range of e.g. |δW,L| <∼ 0.18. The
4We note that derivative interactions ∼ K t¯γµt ∂µh [31] do not im-
pact the loop-induced h→ γγ, gg amplitudes.
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FIG. 1: Correlation between top partner mass mT and anomalous top quark couplings in the light of LHC sensitivity extrap-
olated to 3/ab on the basis of the analyses provided in Tab. I. Parameter points shown in green are allowed while point in red
are excluded at 95% confidence level by this analyis. In this particular figure, we suppress theoretical uncertainties, but to
reflect the impact of increased datasets on experimental systematics, we reduce the latter by 80% which is provided by rescaling
with the square root of the luminosity. A more detailed comparison of experimental systematics and theoretical uncertainties
is given in Fig. 2.
100 TeV extrapolation of Ref. [25] of <∼ 2% translates
into |δW,L| <∼ 0.1.
There are constraints from electroweak precision mea-
surements, e.g. [71], which amount to a limit |δgZ,L| <∼
8%; flavour measurements provide an additional avenue
to obtain limits on partial compositeness [72, 73]. In the
remainder, however, we focus on a comparison of direct
top measurements at hadron colliders.
As outlined in Sec. III, we scan over the parameters
of the Lagrangian in Eq. (10) imposing M > 1.5 TeV to
(loosely) reflect existing top partner searches [74]. The
restriction on the parameter combination λtλq is deter-
mined by mt ' 173 GeV and on µb by the b quark mass
mb ' 4.7 GeV (scanning |K| <∼ 4pi). Apart from en-
forcing these masses we also consider modifications to
the Higgs boson decay and require the H → ZZ, γγ de-
cay rates to reproduce the SM predictions within 30% to
pre-select a reasonable parameter range.
Given the experimental results reported in Tab. I, we
find that the current LHC (and Tevatron) measurements
do not allow to constrain the parameter space detailed in
Sec. II beyond the constraints that are already taken into
account when scanning the parameter space. Current
Higgs signal constraints, for instance, provide stronger
constraints. Since the top measurements are still at a
relatively early stage in the LHC programme this is not
too surprising, in particular because top final states are
phenomenologically more involved than their Higgs coun-
terparts.
It is more interesting to consider how the sensitivity
provided by the current analysis programme of Tab. I
will evolve in the future. In Fig. 1, we present the re-
sults of the parameter scan for the HL-LHC. The results
are again based on the experimental analyses in Tab. I
but with the statistical uncertainties rescaled to 3/ab and
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FIG. 2: Left: Maximum excluded top partner mass mT vs. reduction in experimental systematic uncertainties. The reduction is
given with respect to the current experimental situation. The bars indicate different choices for relative theoretical uncertainties.
Right: Minimal |K| in the excluded region of the MCHM5 parameter scan vs. reduction in experimental systematic uncertainty.
experimental systematics reduced by 80%.5 We assume
no theoretical uncertainties for now and will comment
on their impact below. The observables of 7 and 8 TeV
analyses in Tab. I are reproduced at 13 TeV6 keeping
the experimental bin-to-bin correlations of the respective
analyses at their original value.7 In Fig. 1, the excluded
points of the parameter scan are coloured in red while
the allowed region is shaded in green. The shading in-
dicates the value of the parameter K. As mentioned in
Sec. II, the value of K loosens the correlation between
the top partner mass and the associated electroweak top
coupling modification. Furthermore, Fig. 1 demonstrates
that with higher luminosity and a (not unrealistic) re-
duction of the present systematic uncertainty we start to
constrain the parameter space with large |K| ∼ 10 and
associated coupling deviations in the percent range, while
the right-handed Z coupling in the 30% range.
In Fig. 2 we compare different assumptions on the the-
oretical uncertainties in terms of the maximal top partner
massmT and the minimal |K| that can be excluded. Note
that these are not strict exclusion limits, smaller mT and
larger |K| might still be allowed. However, Fig. 2 rep-
resents a measure of the maximally possible sensitivity
that can be probed at the HL-LHC in terms of the above
quantities. As can be seen in Fig. 2, the sensitivity of
5This can be obtained by rescaling the experimental systematic un-
certainties in line with statistics expected at 3/ab.
6The total number of degrees of freedom for the projection of ex-
perimental data to
√
s = 13 TeV and L = 3/ab is N = 30 due to
the fact that we consider only one projection for each observable
instead of several measurements.
7We checked that the correlations have only a small effect on the
likelihood.
indirect searches crucially depends on the expected the-
oretical uncertainty that will be achievable at the 3/ab
stage. As for all channels that are not statistically limited
at hadron colliders, the theoretical error quickly becomes
the limiting factor to the level where indirect searches will
not provide complementary information even at moder-
ate top partner masses.
It is instructive to compare excluded anomalous cou-
plings in Fig. 1 with 95% CL marginalised limits obtained
from a model agnostic fit performed by TopFitter us-
ing the same experimental projections
δW,L ∈ [−0.029, 0.019] , δW,R ∈ [−0.009, 0.009] ,
δtZ,L ∈ [−0.639, 0.277] , δtZ,R ∈ [−1.566, 1.350] .
In particular, the comparison of δW,R, δ
t
Z,L, δ
t
Z,R be-
tween the two results illustrates the fact that coupling
deviations (or Wilson coefficients in the context of EFT)
are likely to receive much stronger constraints from the
analyses of a concrete model (possibly matched to EFT)
due to correlations imposed by that model. This high-
lights that recent multi-dimensional parameter fits [75–
81] are more sensitive than the current (marginalised)
constraints might suggest, especially when we move to-
wards the high statistics realm of the LHC and whatever
high energy frontier after that.
We now turn to the extrapolation of the analyses in
Tab. I to a future FCC-hh. To this end we reproduce the
observables in Tab. I at a centre-of-mass energy of 100
TeV (we will comment on widening the list of observ-
ables below). In addition, we include overflow bins in pT
distributions reflecting the fact that future analyses at
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FIG. 3: Top coupling correlations analogous to Fig. 1 for the FCC-hh analysis. We assume a reduction of experimental
systematics to 1% compared to the present LHC situation. In parallel, we suppress the theoretical uncertainty. See Fig. 4 and
the text for related discussion.
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9100 TeV will have a higher energy reach8. In parallel,
we rescale the statistical uncertainty from the analyses
in Tab. I to 30/ab and assume a reduction in system-
atic experimental uncertainties to 1% of the LHC analy-
ses.9 For the 13 TeV analyses the bin-to-bin correlations
have only a small impact on the exclusion of parameter
points. Hence, we assume all measurements and bins in
the 100 TeV analyses to be uncorrelated. The results for
this scan are presented in Fig. 3, which shows that the
FCC-hh can further improve on the LHC sensitivity by a
factor of <∼ 3 in terms of indirectly exploring the top part-
ner mass in the scenario we consider in this work. Again
theoretical uncertainties as parametrised in our scan are
the key limiting factors of the sensitivity. In principle,
a 100 TeV FCC-hh can reach K = O(1) values, Fig. 4.
This is the perturbative parameter region where T → tZ
direct searches (cf. [82]) are relevant. Hence, we focus on
|K| < 1 when we study this phenomenologically relevant
channel in a representative top partner search in Sec. V.
Figs. 2 and 4 demonstrate that the uncertainties as de-
tailed in the previous section are the key limiting factors
of indirect BSM sensitivity in the near future. Naively,
this paints a dire picture for the BSM potential. But
we stress that data-driven approaches that have received
considerable attention recently, e.g. [83, 84], together
with the application of new purpose-built statistical tools
to mitigate the impact of uncertainties [85–88] will of-
fer an avenue to inform constraints beyond “traditional”
precision parton-level calculations at fixed order in per-
turbation theory. The basis of our analysis is also formed
by extrapolating existing searches to 3/ab and eventually
to 100 TeV. In particular, when statistics is not a limit-
ing factor, a more fine-grained picture can be obtained
by exploiting differential information in more detail. The
latter, however, needs to be considered again in the con-
text of experimental and theoretical limitations. Since
the constraints on the tZ coupling are the limiting factor
in the indirect analysis considered here we have extended
the inclusive tjZ measurement by differential cross sec-
tions to assess the impact of additional differential infor-
mation. To this end we include in the tjZ channel the
differential cross section with respect to the transverse
momentum and the rapidity of the Z boson. However,
we do not find a significant change in the sensitivity pro-
jections as provided by Figs. 2 and 4. A more detailed
study of sensitive observables at hadron and lepton col-
liders is in order to maximise the sensitivity reach. But
these excursions are beyond the scope of this work and
are left for future studies.
8The total number of degrees of freedom of the experimental results
projected to
√
s = 100 TeV and L = 30/ab is N = 35.
9Here we assume no theoretical uncertainty. A detailed comparison
of the impact of uncertainties and experimental systematics is given
in Fig. 4.
V. TOP RESONANCE SEARCHES
The presence of additional vector-like fermions in com-
posite Higgs models provides the opportunity of direct
detection through resonance searches. We focus on chan-
nels involving the lightest top partner resonance (re-
ferred to as T in the following) which can be either
pair-produced through QCD interactions or created in
association with a quark through interactions with vec-
tor bosons (or the Higgs boson). In particular, modes
T → tZ, followed by decays of tZ → (q1q2b)(`+`−) are
interesting final states in the context of the previous sec-
tion. On the one hand, they directly correlate modi-
fications of electroweak top quark properties with new
resonant structures following Eqs. (13) and (15). On
the other hand, the presence of two same-flavour, op-
positely charged leptons `+, `− (electrons or muons) in
the boosted final state and no missing transverse energy
allows discrimination between signal and background and
the reconstruction of the top partner mass mT as demon-
strated in Ref. [82]. We follow a similar cut-and-count
analysis, adapted to FCC energies to attain a compar-
ison with the indirect constraints of the previous sec-
tion. Relevant SM background sources include Z+jets,
tt¯Z+jets and t/t¯Z+jets, while the large mass of the top
partner leading to a highly boosted Z boson allows us
to neglect the background processes involving two vector
bosons and jets.
We model the signal using FeynRules [89, 90], and
events for both signal and background are generated
with MadEvent [66, 67, 91]. Decays are included via
MadSpin [92, 93] for the signal and tt¯Z+jets, t/t¯Z+jets
background processes. All events are showered with
Pythia8 [94] using the HepMC format [95] before pass-
ing them to Rivet [96] for a cut-and-count analysis,
along with FastJet [97, 98] for jet clustering. The pres-
ence of a top in the boosted final state necessitates the use
of jet-substructure methods for top-tagging, for which
we adopt the Heidelberg-Eugene-Paris top-tagger (Hep-
TopTagger) [99–101].
Final state leptons are required to be isolated10 and
have transverse momentum pT (`
±) ≥ 20 GeV and pseu-
dorapidity |η(`±)| ≤ 2.5. Slim-jets are clustered with the
anti-kT algorithm [102] with radius size of 0.4 and fat-jets
are also simultaneously reconstructed with Cambridge-
Aachen algorithm and a larger size of 1.5. Both types of
jets must satisfy pT (j) ≥ 20 GeV and |η(j)| ≤ 4.9.
Lepton selection cuts are applied by requiring at least
one pair of same flavour oppositely charged leptons, with
an invariant mass within 10 GeV of the Z boson reso-
nance, i.e. |m`+`− −mZ | < 10 GeV. Furthermore, we re-
quire ∆R(`+`−) =
√
[∆η(`+`−)]2 + [∆φ(`+`−)]2 < 1.0
10For a lepton to be isolated we require the total pT of charged parti-
cle candidates within the lepton’s cone radius ∆R = 0.3 to be less
than 10% of the lepton’s pT (`
±).
10
500 1000 1500 2000 2500 3000 3500
0.05
0.10
0.50
1
5
10
(a)
   
 
   
 






 



 
 


          
  
 

 
  
     
   
  

    






  

 


 
 

   






 


  
 

    
   



 






 



 











   
  
 
   
    
2000 4000 6000 8000 10 000
0.1
1
10
100
(b)
FIG. 5: (a) Differential cross sections for background and signal of a representative parameter point with a top partner mass
of mT = 2700 GeV. (b) Significance S/
√
B for different coupling points at FCC 30/ab is displayed on the right. The dashed
red line indicates S/
√
B = 5, where discovery can be achieved. For comparison, we include points dominantly decaying to tH
to show where our tZ analysis is phenomenologically relevant.
to ensure that the leptons are collimated. The two
leptons must have a minimum transverse momentum
of pT (`
±) > 25 GeV, and if more than one candi-
date pairs exist, the one with invariant mass closest to
mZ = 91.1 GeV is selected to reconstruct the Z boson’s
four-momentum. Subsequently, the search region is fur-
ther constrained with the requirements pT (Z) > 225 GeV
and |η(Z)| < 2.3, where the former further ensures the
boosted kinematics and the latter allows better discrim-
ination from the Z+jets background of the SM.
The hadronic part of the signal’s final state is charac-
terised by large transverse momentum originating from
the top quark’s boosted nature and thus we require
that the scalar sum of the transverse momenta satis-
fies HT > 700 GeV for all identified slim-jets that have
pT (j) > 30 GeV and |η(j)| < 3. The search region is
constrained by requiring at least one fat-jet that satis-
fies pT (j) > 200 GeV and is top-tagged with HepTop-
Tagger. In the case of more than one top candidate
we consider the one where ∆φ(Z, t) is closest to pi, en-
suring the Z and t candidates are back-to-back. B-jets
are identified from slim-jets and at least one satisfying
pT (b) > 40 GeV is required to be within the top radius
of ∆R(t, b) < 0.8, implying that the b quark originated
from the top. The b-tag efficiency is set to 80%, while
the mistagging probability of quarks at 1%. Finally, the
reconstructed top and Z candidates are used to recon-
struct the top partner’s mass mrecoT via the sum of the Z
and t four momenta.
The efficiency of the cut-and-count analysis is deter-
mined by the resonance mass, which defines the kine-
matics of the final state particles. We scan over a range
of top partner masses and perform an interpolation to
eventually evaluate constraints in a fast and adapted
way. We have validated the accuracy of this approach
against additional points as well as against the indepen-
dence of the coupling values. We find that a signal re-
gion definition using the reconstructed top partner mass
mrecoT ∈ [mT − 0.2mT ,mT + 0.15mT ] is an appropriate
choice to reduce backgrounds and retain enough signal
events to set limits in the region |K| < 1 that we are inter-
ested in as detailed before. This ensures that the detailed
search is perturbatively under control and phenomeno-
logically relevant. For larger K values the T → ht decay
receives sizeable momentum-dependent corrections [31],
which quickly start to dominate the total decay width to
a level where we can expect our analysis flow to become
challenged due to non-perturbative parameter choices.
In the spirit of data-driven bump hunt searches we fit
the mrecoT distribution away from the signal region to ob-
tain a background estimate in the signal region defined
above. As can be seen in Fig. 5(a), such distributions fol-
low polynomial distributions on a logarithmic scale and
are therefore rather straightforward to control in a data-
driven approach. There we show a mrecoT histogram for a
representative signal point mT ' 2.7 TeV and the con-
tributing background. Such a data-driven strategy also
largely removes the influence of theoretical uncertainties
at large momentum transfers and is the typical method of
choice in actual experimental analyses already now, see
e.g. [83, 84] for recent work. After all analysis steps are
carried out we typically deal with a signal-to-background
ratio S/B ∼ 0.1, which means that our sensitivity is
also not too limited by the background uncertainty that
would result from such a fit. Identifying a resonance,
we can evaluate the significance which is controlled by
S/
√
B. To set limits we assume a total integrated lu-
minosity of 30/ab for 100 TeV FCC-hh collisions. We
show sensitivity projections in Fig. 5(b). As can be seen
we have good discovery potential in tZ for parameter re-
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gions up to mT ' 7.3 TeV, with the additional exclusion
potential ∼ S/√S +B reaching to mT <∼ 10 TeV at 95%
CL. As alluded to before, the analysis outlined above is
particularly suited for parameter regions where there is
a significant top partner decay into Zt pair, i.e. regions
in parameter space where modifications are most pro-
nounced in the weak boson phenomenology rather than
in Higgs-associated channels.
While we have focused on one particular analysis to
contextualise the couplings scan of the previous sec-
tion with representative direct sensitivity at the high-
est energies, we note that other channels will be able
to add significant BSM discovery potential, see, e.g.
Refs. [103, 104]. This could include T → ht which would
lead to b-rich final states and which would target partial
compositeness in the Higgs sector (see also [105]). Such
an analysis provides an avenue to clarify the Higgs sec-
tor’s role analogous to the weak boson phenomenology
studied in this work, albeit in phenomenologically more
complicated final states when turning away from indirect
Higgs precision analyses and tt¯h production. Further-
more searches for other exotic fermion resonances differ-
ent to the one we have focused on in this section, such
B and the 5/3-charged Q provide additional discriminat-
ing power (see [106, 107]) and would be key to pinning
down the parameter region of the model if a new physics
discovery consistent with partial compositeness is made.
Being able to finally compare the direct sensitivity es-
timates of Fig. 5 with Fig. 3 we see that indirect searches
for top compositeness as expressed through modifications
of the top’s SM electroweak couplings provide comple-
mentary information to resonance searches if uncertain-
ties can be brought under sufficient control. Extrapolat-
ing the current sensitivity estimates of the LHC along-
side the uncertainties to the 3/ab phase, the HL-LHC
will however provide only limited insight from a mea-
surement of the top’s electroweak SM gauge interaction
deformations. This can nonetheless lead to an interest-
ing opportunity at the LHC: Given that the LHC will
obtain a significantly larger sensitivity via direct searches
[82, 106, 107], the potential discovery of a top partner at
the LHC would make a clear case for pushing the energy
frontier to explore the full composite spectrum and cor-
relate these findings with an enhanced sensitivity to top
coupling modifications.
VI. CONCLUSIONS
As top quark processes can be explored at the LHC
with high statistics, they act as Standard Model “can-
dles”. The electroweak properties of the top quark are
particularly relevant interactions as deviations from the
SM are tell-tale signatures of new physics beyond the SM
that is directly relevant for the nature of the TeV scale.
Using the example of top partial compositeness
(and the MCHM5 implementation for concreteness) we
demonstrate that the ongoing top EFT programme will
provide important complementary information to reso-
nance searches if theoretical and experimental uncertain-
ties will be brought under control. This is further high-
lighted at the energy frontier of a future hadron col-
lider at 100 TeV. Backing up our electroweak top cou-
pling analysis with a representative top partner resonance
search, we demonstrate that direct sensitivity blind spots
of the LHC can be swiftly closed, supplementing addi-
tional discriminating power to pin down the top quark’s
electroweak properties. Especially in case a discovery
is made at the LHC that might act as a harbinger of a
composite TeV scale, there is a clear case for further hon-
ing the sensitivity to the top’s coupling properties whilst
extending the available energy coverage. We note that
high-energy lepton colliders such as CLIC will be able to
provide a very fine grained picture of the top electroweak
interactions, which can provide competitive indirect sen-
sitivity [77, 108–112]. We leave a more detailed compar-
ison of the interplay of hadron and lepton colliders for
future work.
Acknowledgments
We thank Federica Fabbri for helpful discussions. SB
is funded by the UK Science and Technology Facilities
Council (STFC) through a ScotDIST studentship un-
der grant ST/P006809/1. CE and PG are supported
by the STFC under grant ST/P000746/1. CE also ac-
knowledges support through the IPPP associate scheme.
PS is supported by an STFC studentship under grant
ST/T506102/1.
Appendix A: Propagating top partners as EFT
contributions
On top of the coupling modifications of the top-
associated currents, amplitudes receive corrections from
propagating top partners. Similarly a composite top sub-
structure can lead to additional anomalous magnetic mo-
ments [105, 113, 114] as observed in nuclear physics [115].
At the considered order in the chiral expansion in this
work such terms arise at loop level [116, 117], and at
tree level via the direct propagation of top partners. It
is interesting to understand the latter contributions from
an EFT perspective as they not only give rise to dimen-
sion six effects and cancellations can occur. In the mass
eigenbasis, the propagating degrees of freedom lead to
dimension eight effects. For instance, tt¯ → WW scat-
tering in the mass eigenbasis receives corrections from
b, B as well as from the 5/3-charged Q. The resulting
Lorentz structure of contact tt¯W+W− amplitude in the
EFT-limit is described by a combination of
OtW = Q¯Lσµνϕ˜ τatRW aµν
OtH = (Dµϕ†Dµϕ)Q¯Lϕ˜ tR
(A1)
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leading to
M(tt¯→W+W−) = CtW
Λ2
〈OtW 〉+ CtH
Λ4
〈Oth〉+ . . . (A2)
where the ellipses refer to momentum-dependent correc-
tions that become relevant for Q2 ∼ m2X .
CtW
Λ2
= − gW
4mt
(
ctBL c
tB
R
mB
− c
tX
L c
tX
R
mX
)
,
CtH
Λ4
= − g
2
W
16mtm2W
(
ctBL c
tB
R
mB
+
ctXL c
tX
R
mX
)
,
(A3)
where the e ctXL,R, e c
tB
L,R are the left and right-chiral W
couplings of the top with the respective top partner in
the mass basis.
Appendix B: EFT parametrisation of anomalous
weak top quark couplings
The effective dimension six operators (in the Warsaw
basis [63]) that modify the vectorial couplings of the top
quark to the W and Z bosons are given by
O(1)ϕq = (ϕ†i
←→
D µ ϕ)(Q¯γ
µQ) ,
O(3)ϕq = (ϕ†i
←→
D Iµ ϕ)(Q¯τ
IγµQ) ,
Oϕu = (ϕ†i←→D µ ϕ)(t¯RγµtR) ,
Oϕud = i(ϕ˜†Dµϕ)(t¯RγµbR) ,
(B1)
with the associated Wilson coefficients C
(1)
ϕq , C
(3)
ϕq , Cϕu
and Cϕud. Q = (tL, bL)
T denotes the quark SU(2)L
doublet of the third generation with tL and bL the left-
handed top and bottom quarks, respectively. The rest
of the notation is aligned with Ref. [63]. The anomalous
couplings of the top quark to W and Z bosons are related
to the Wilson coefficients as follows
δtZ,L = −
CZϕqv
2
Λ2
(
1− 4
3
sin2 θW
)−1
, (B2a)
δtZ,R =
Cϕuv
2
Λ2
3
4 sin2 θW
, (B2b)
δW,L =
CWϕqv
2
Λ2
, (B2c)
δW,R = −1
2
Cϕudv
2
Λ2
. (B2d)
In Eqs. (B2a) and (B2c) we have introduced two new
Wilson coefficient which correspond to the operators
OWHq = O(3)ϕq ,
OZHq = O(1)ϕq −O(3)ϕq .
(B3)
This change of basis ensures that each of the four oper-
ators OWHq, OZHq, Oϕu and Oϕud contributes to exactly
one kind of W and Z coupling in Eq. (18). The rela-
tions of Eq. (B2) allow us to directly relate constraints
on the Wilson coefficients to constraints on the coupling
modifications δ.
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